Objectives: The objective of this study was to describe the outcomes of patients in the University of Iowa Neuroendocrine Tumor (NET) Database treated with peptide receptor radionuclide therapy (PRRT).
N euroendocrine tumors (NETs) encompass a spectrum of malignancies that arise from neuroendocrine cells in multiple organs of the body. Neuroendocrine tumors constitute challenging clinical problems because these tumors frequently present with metastatic diseases that require unique diagnostic and treatment approaches different from other commonly occurring cancers. 1 The percentage of patients with metastatic disease at diagnosis varies greatly among studies, but a recent large population-based study showed that 21% of patients with NET present with metastatic disease and another 38% develop metastases after resection of the primary tumor. 2 There is therefore a great need for effective systemic therapy for advanced NETs. The current treatment options for metastatic NETs include surgical resection of both the primary tumor and metastatic lesions in those patients who have resectable tumors. 3, 4 For patients with a liver-dominant disease, liver-directed therapy such as microwave or radiofrequency ablation and hepatic artery embolization can be used. 5 Options for systemic therapy include biotherapy with somatostatin analogs or interferons, targeted therapy with agents such as inhibitors of the mammalian target of rapamycin pathway and kinase inhibitors, cytotoxic chemotherapy, and peptide receptor radionuclide therapy (PRRT). 6, 7 Peptide receptor radionuclide therapy with radiolabeled somatostatin analogs relies on the expression of somatostatin receptors by NET cells, which allows the delivery of a cytotoxic radiolabeled compound directly to the tumor. 8 The cytotoxic effects are via the ß emission of the radioisotope.
Two Yttrium may therefore have greater activity against larger tumors but also possibly higher toxicity, especially nephrotoxicity.
90
Yttrium has been examined in at least 10 studies involving more than 440 patients with NETs of various origins, and these treatments resulted in complete tumor response occurring in 0% to 6% of the patients, partial tumor regression in 7% to 37%, and tumor stabilization (ie, no tumor growth) in 42% to 86%. [10] [11] [12] [13] Results of therapy with 177 Lu have been reported in more than 510 patients with various NETs (including 40% with pancreatic NETs), with a complete response seen in 2%, partial tumor regression in 28%, minor tumor response in 16%, and tumor stabilization in 35%. 14 16 In these trials, PRRT was well tolerated and had acceptable toxicity.
A randomized, multinational phase III trial comparing treatment with 177 Lu-DOTA-TYR-Octreotate to high-dose octreotide LAR (60 mg intramuscularly monthly) in patients with inoperable NETs (NETTER-1) has completed accrual, and preliminary results were recently presented. 17 This large phase III trial comparing PRRT with systemic therapy showed a substantial prolongation of progression-free survival (PFS) in patients receiving PRRT compared with patients receiving high-dose octreotide LAR. The PFS of patients on the high-dose octreotide LAR reference arm was 8.4 months, whereas the PFS was not reached among the patients on the PRRT arm (P < 0.0001) but was estimated to be around 40 months. 17 In this retrospective study, we report patient characteristics, treatment responses, and survival outcomes and analyze the predictive role of tumor markers in a University of Iowa cohort of PRRT-treated patients with well-differentiated NET.
MATERIALS AND METHODS
A retrospective analysis of patients with metastatic NETs undergoing PRRT between 2001 and 2011 was performed. Data were collected from the institutional review board-approved University of Iowa NET Registry. The registry data included patient demographics and other patient data (such as age at diagnosis, sex, history of smoking, alcohol use, and symptoms at the time of diagnosis), tumor specific data, and treatment-related information. Tumor data included tumor site, tumor grade, stage, presence of tumor necrosis, number of mitoses, and percentage of Ki-67 and MIB-1 positive cells (proliferative index). Treatment data included use of somatostatin analogs at the time of PRRT, location, isotope used, and dose of isotope for each PRRT. Biomarker data (chromogranin A [CgA] and pancreastatin [PcSt] ) at the time of diagnosis, before and after the first PRRT, and after the second PRRT were also extracted. Radiographic findings before PRRT, radiographic response after PRRT, date of radiographic progression on imaging after PRRT, and status of the disease on imaging at the last follow-up were also recorded. Overall survival was defined as the time from diagnosis to death of any cause. Time to progression (TTP) was defined as the time from the first PRRT until any radiographic progression. Radiographic treatment responses and progression were assessed with cross-sectional imaging with either computerized tomography or magnetic resonance imaging. Response was defined as any response of any magnitude. Radiographic progression was defined as any increase in lesion sizes and/or appearance of new metastatic lesions.
Statistical Analysis
Kaplan-Meier curves were constructed by tumor site for OS from diagnosis and from the first PRRT. Time to progression was defined as the time from the first PRRT until the first evidence of any radiographic progression. Overall survival and progression rates were compared between primary tumor sites using the logrank test. The association of pre-PRRT CgA and PcSt levels with OS and TTP was examined using Cox proportional hazard regression with age as a covariate. For this analysis, CgA and PcSt levels were expressed as a proportion of the upper limit of the normal reference range (ULN), categorized into 3 intervals: less than 3 times the normal value, 3 to 10 times the normal value, and greater than 10 times the normal value. Hazard ratio (HR) of death and HR of progression (with 95% confidence interval [CI]) are reported for the 2 upper levels relative to the lowest level computed from the fitted Cox model.
RESULTS
Data from 135 patients from the University of Iowa NET Database were analyzed. Most of the PRRT were performed at the University of Basel, Switzerland, and the University of Iowa, Iowa. Patient characteristics are shown in Table 1 . Sixty-four percent of the patients were men, and the median age at diagnosis was 51 years. The primary tumor was located in the small bowel in 38% of the patients, in the pancreas in 26%, in the lungs in 13%, and in other locations or unknown primary in the remainder of the patients. 90 Yttrium was used in 112 patients (83.2%), and 177 Lu was used in 23 patients (16.8%). A second PRRTwas given to 116 patients (86%). The median dose of radiation was 180 mCi (range, 7.6-360 mCi) for the first and 170 mCi (range, 7.5-360 mCi) for the second PRRT treatment.
Assessment of radiographic responses within the first 6 months after PRRT showed a response of any magnitude in 65.8% of patients, 11.1% had a mixed response defined as areas of both regression and progression, and 15.4% had a progressive disease. The median OS from the date of diagnosis for all patients was 122.7 months (interquartile range [IQR], 58.7-223.1 months), and the median OS from the date of the first PRRT was 40.0 months (IQR, 18.5-97.7 months). The median TTP after the first PRRT was 23.9 months (IQR, 13.6-83.5 months). The median OS and TTP by tumor site are presented in Table 2 . Overall survival from the date of diagnosis was significantly shorter for PNET (68.4 months) and unknown primary (64.5 months) than SBNET (199.3 months) ( Table 2) . Similarly, OS after the first PRRT was 95.4, 37.3, and 20 months for small bowel, pancreatic, and unknown primary NETs, respectively (P = 0.009). Time to progression from the first PRRT was shorter for those with primary pulmonary NET (median, 18.6 months) compared with SBNET and PNET but was not statistically significant (P = 0.093).
Results of pretreatment CgA measurements were available for 81 patients (60%), and 80 patients (59%) had pretreatment results for PcSt. The tumor markers were expressed as proportion of the ULN of the reference range (Table 3) to account for differences in reference ranges for the markers over time and different laboratories used. The median relative CgA before PRRT was 3.0 times the ULN (IQR, 0.7-14.6). The median relative pre-PRRT PcSt level was 4.5 times the ULN (IQR, 1.4-24.5). The distribution of pre-PRRT CgA and PcSt relative to the ULN of the reference value is presented in Table 3 . A 50% or more decrease in CgA and PcSt was observed in 18% and 17%, respectively.
The association of pre-PRRT CgA and PcSt levels with OS and TTP after the first PRRT was examined using Cox proportional hazard regression with age as a covariate. A significant association of elevated levels of pre-PRRT CgA (P = 0.007) and pre-PRRT PcSt (P = 0.033) with death (OS) was observed.
Relative to those with CgA less than 3 times the ULN, the HR of death, adjusted for age, was 2.81 (95% CI, 1.04-7.59; P = 0.042) for those with CgA 3 to 10 times the normal level and 4.42 (95% CI, 1.72-11.34; P = 0.002) for those with CgA greater than 10 times the normal. In regard to PcSt, the HR of death was 2.91 (95% CI, 1.20-7.08; P = 0.018) for those with PcSt greater than 10 times the ULN relative to those with PcSt less than 3 times the ULN. There was no significant difference in OS after the first PRRT between those with PcSt 3 to 10 times the normal level and those with PcSt less than 3 times the normal (HR, 0.97; 95% CI, 0.26-3.64; P = 0.961). The Kaplan-Meier curves for OS after the first PRRT by the level of CgA and PcSt are shown in Figures 1 and 2 , respectively.
Cox hazard regression modeling for progression after the first PRRT showed no significant association with pre-PRRT CgA levels (P = 0.19) or pre-PRRT PcSt levels (P = 0.468).
DISCUSSION
Peptide receptor radionuclide therapy using radiolabeled somatostatin analogs is a promising option for patients with metastatic or inoperable somatostatin receptor-positive NETs. Our results of PRRT in a cohort of North American patients suggest that this therapy is feasible and effective in this population, with an encouraging survival, even in heavily pretreated patients. Despite the extensive use of PRRT in patients with advanced NETs in the past, the effect of PRRT on survival remains unclear. 12 The heterogeneity of the published studies in terms of the radionuclide used and the patient populations studied makes comparison across studies difficult. A wide range of survival after PRRT has been reported in the literature, and the populations studied have differed in their characteristics such as the extent of previous therapy. 10, 14, 16, [18] [19] [20] [21] [22] [23] [24] Most of the reported studies have evaluated response rates, but the association of radiographic response with OS and PFS remains uncertain after PRRT. One study reported a strong and significant association between radiographic response rates and OS, with responders having a superior median OS (44.7 vs 18.3 months). The preliminary results of the first randomized trial comparing PRRT with systemic therapy (high-dose octreotide LAR) were reported in late 2015, and the findings suggested a clinically significant improvement in PFS. The observed OS from the date of diagnosis in both SBNETs and PNETs in our study was high, but similar survival from the time of initial diagnosis has been reported by other investigators.
14, 25 The OS from diagnosis in patients with PNETs was substantially longer than has been reported in population-based studies. 26 The long survival of patients with PNETs may be explained by factors such as wider range of treatment options in patients treated at large referral centers and also potential bias among patients referred to such centers. 27 The prolonged OS from diagnosis may be a result of patients being extensively treated before PRRT in a multidisciplinary setting using a combination of systemic and locoregional therapies. The median OS from the first PRRT in our study was 40 months for all patients. Patients with SBNET had a longer OS after the first PRRT compared with patients with NETs of other primary sites, possibly because of a more indolent nature of SBNETs. The reported OS after PRRT in other studies varies widely, likely in part as a reflection of the different populations studied and different treatments used before and after the PRRT. In our study, the TTP after PRRT was comparable with the results of other published studies.
For example, in a study of PRRT in patients with gastroenteropancreatic NETs, the PFS was 29 months for the patients who had at least a stable disease at the end of the treatment period. 28 A retrospective study of 69 Danish patients with NET treated with PRRT reported a PFS of 29 months. 29 Contrary to our findings, patients with SBNETs in that study had a longer PFS than patients with PNETs. Patients with SBNETs had a very long OS from diagnosis or 199 months. This points toward a more indolent growth of this particular NET type and has been observed in other studies.
Peptide receptor radionuclide therapy was used relatively late in the disease course in our cohort of patients, and many were heavily pretreated. Prospective studies are needed to determine whether the early use of PRRT is beneficial in improving OS.
Despite the inferior OS of the patients with PNETs, the TTP for patients with PNETs after PRRT was better than the combined TTP of NETs of all other sites. Although the TTP after PRRT in patients with PNETs was longer than in patients with SBNETs, the OS was substantially shorter. This may reflect a more indolent course of SBNETs when compared with PNETs.
Very limited data exist on the predictive role of circulating tumor markers in patients with NETs treated with PRRT. In our study, elevated CgA before PRRT was associated with inferior OS from the first PRRT but no statistically significant association with TTP. Very elevated PcSt (>10 times the ULN) was also associated with inferior OS. Two studies have reported on inferior OS in patients treated with PRRT who have elevated pretreatment levels of neuron-specific enolase. 18, 19 Similar results have been seen in patients receiving systemic therapy, but both CgA and neuron-specific enolase have been shown to have prognostic values in patients treated with everolimus where higher levels predict inferior survival. 30, 31 An association between tumor markers and outcome has also been seen after hepatic artery embolization where elevated PcSt predicts inferior outcome. 32, 33 There are limitations to this study, many of which are inherent to retrospective studies. The population studied, as well as the treatment given before PRRT, was heterogeneous. There is a potential for selection bias at several levels. The patients were referred to the University of Iowa, which is a large tertiary medical center with extensive experience in the management of patients with NETs. The patients who were able to come for an evaluation may not accurately reflect the larger group of patients with NET because younger and more fit patients may be more likely to travel for a second opinion. Indeed, studies have shown a better outcome for patients with PNETs treated at large referral centers compared with patients identified in registries. 27 Furthermore, most of our patients were treated at the University of Basel in Switzerland. This could have potentiated the selection bias because the patients fit and able for international travel may differ in several characteristics known to affect cancer treatment outcomes such as age, performance status, and socioeconomic status. Another limitation of our study is the lack of formal assessment of radiographic responses according to commonly used response criteria such as Response Evaluation Criteria in Solid Tumors. This can certainly be considered a limitation knowing that patients responding to PRRT seem to have an improved outcome. 10 On the other hand, one can argue that radiographic responses are not an end point, as clinically relevant as OS or TTP, both primary end points in our study. Indeed, there is increasing literature on the limitations of objective response rates in patients with cancer, especially those not treated with cytotoxic chemotherapy. 34 
CONCLUSIONS
North American patients with advanced NETs have a relatively long survival, and PRRT was used late in the disease course. Peptide receptor radionuclide therapy seems to be a valuable treatment option for advanced NETs regardless of the location of the primary tumor. Its role earlier in the disease course needs further investigation.
Elevated CgA at the time of diagnosis of NETs is prognostic, as has been demonstrated in the literature. There is a trend toward shorter TTP in patients with elevated pre-PRRT markers.
Prospective studies are ongoing to understand the role of PRRT in the treatment of metastatic NETs.
